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Abstract 
This study investigated the removal of trace organic contaminants by a combined membrane bioreactor - 
granular activated carbon (MBR-GAC) system over a period of 196 days. Of the 22 compounds 
investigated here, all six hydrophilic compounds with electron-withdrawing functional groups (i.e., 
metronidazole, carbamazepine, ketoprofen, naproxen, fenoprop and diclofenac) exhibited very low 
removal efficiency by MBR-only treatment. GAC post-treatment initially complemented MBR treatment 
very well; however, a compound-specific gradual deterioration of the removal of the above-mentioned 
problematic compounds was noted. While a 20% breakthrough of all four negatively charged compounds 
namely ketoprofen, naproxen, fenoprop and diclofenac occurred within 1000-3000 bed volumes (BV), the 
same level of breakthrough of the two neutral compounds metronidazole and carbamazepine did not 
occur until 11,000 BV. Single-solute isotherm parameters did not demonstrate any discernible correlation 
individually with any of the parameters that may govern adsorption onto GAC, such as log D, number of 
hydrogen-bond donor/acceptor groups, dipole moment or aromaticity ratio of the compounds. The 
isotherm data, however, could differentiate the breakthrough behaviour between negatively charged and 
neutral trace organic contaminants. © 2013 Elsevier Ltd. 
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RESEARCH HIGHLIGHTS: 
 
• GAC post-treatment initially resulted in >98% removal of all 22 trace organics 
• Hydrophilic compounds with electron withdrawing groups showed faster breakthrough 
• Breakthrough profiles were markedly different between neutral and charged compounds 
• Adsorption isotherms can differentiate the behaviour b/w neutral & charged organics 
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Abstract 
This study investigated the removal of trace organic contaminants by a combined 
membrane bioreactor – granular activated carbon (MBR-GAC) system over a period of 196 
days. Of the 22 compounds investigated here, all six hydrophilic compounds with electron -
withdrawing functional groups (i.e., metronidazole, carbamazepine, ketoprofen, naproxen, 
fenoprop and diclofenac) exhibited very low removal efficiency by MBR-only treatment. GAC 
post-treatment initially complemented MBR treatment very well; however, a compound-
specific gradual deterioration of the removal of the above-mentioned problematic compounds 
was noted. While a 20% breakthrough of all four negatively charged compounds namely 
ketoprofen, naproxen, fenoprop and diclofenac occurred within 1,000 — 3,000 bed volumes 
(BV), the same level of breakthrough of the two neutral compounds metronidazole and 
carbamazepine did not occur until 11,000 BV. Single-solute isotherm parameters did not 
demonstrate any discernible correlation individually with any of the parameters that may 
govern adsorption onto GAC, such as log D, number of hydrogen-bond donor/acceptor groups, 
dipole moment or aromaticity ratio of the compounds. The isotherm data, however, could 
differentiate the breakthrough behavior between negatively charged and neutral trace organic. 
Key words:  adsorption isotherm; breakthrough; granular activ ted carbon (GAC); membrane 
bioreactor (MBR); trace organic contaminants.  
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1. Introduction 
Water recycling is an important approach to alleviate water scarcity, which is a major 
issue in many parts of the world. Recent technological innovation in materials science and 
process engineering and significant reduction in membrane cost have allowed membrane 
technology to play a major role in the treatment of reclaimed water for both non-potable and 
indirect potable reuse applications. A notable example is membrane bioreactor (MBR) 
technology which essentially combines the conventional biological wastewater treatment 
process with membrane separation in a compact process. MBR outperforms the conventional 
activated sludge process (CAS) in many aspects including better effluent quality, smaller 
physical footprint, and lower sludge production (Melin et al., 2006). Because MBR technology 
is well-suited for water recycling applications, considerable research efforts have been devoted 
to the assessment of trace organic contaminants removal by MBR treatment (Clara et al., 2005; 
Joss et al., 2005; Kimura et al., 2007). These contaminants occur ubiquitously in domestic and 
industrial wastewater (Basile et al., 2011). Their presence in reclaimed water used for indirect 
potable recycling application even at very low concentration ranging from several ng/L to a 
few µg/L may present a potential ecotoxicological risk (Alexander et al., 2012). In comparison 
to CAS, MBR has been reported to show relatively better and/or more stable removal of trace 
organic contaminants possessing moderate to high biodegradability (Clara et al., 2005; De 
Wever et al., 2007). Although the effectiveness of MBR treatment for eliminating trace organic 
contaminants has been well demonstrated in the literature, recent studies have also shown the 
limitation of MBR in removing certain persistent compounds (Clara et al., 2005; Joss et al., 
2005; Tadkaew et al., 2011). Therefore, it is necessary to implement a post-treatment process 
after MBR particularly in indirect potable water recycling applications or when discharging the 
effluent to an ecologically sensitive environment.  
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Granular activated carbon (GAC) adsorption has routinely been used as a tertiary 
treatment process in the water industry. The potential of GAC for the removal of pesticides and 
other emerging trace organic contaminants in drinking water treatment has been widely 
demonstrated (Yu et al., 2008; Kim et al., 2010; Deegan et al., 2011; Behera et al., 2012). 
However, much of the available literature focused on the removal of trace organic 
contaminants by GAC from surface water (Kim et al., 2010; Deegan et al., 2011; Grover et al., 
2011; Hernández-Leal et al., 2011) and only a few have investigated the use of GAC 
adsorption for the removal of trace organic contaminants from biologically treated effluent 
(Dickenson and Drewes, 2010; Grover et al., 2011; Hernández-Leal et al., 2011). Significant 
competition with bulk organics for adsorptive sites is usually a common phenomenon 
associated with such applications, and this has important implications to the life and 
serviceability of GAC columns. Because MBR can produce high quality effluent with virtually 
no suspended solids and with low total organic carbon content (Melin et al., 2006), GAC 
adsorption is expected to specifically target the residual trace organic contaminants in MBR 
permeate, with reduced  interference from the bulk organics. 
Adsorption on GAC may lead to high initial removal of trace organic contaminants; 
however, over time, the adsorption capacity of the GAC column will eventually become 
exhausted (Hernández-Leal et al., 2011). In a preliminary study (Nguyen et al., 2012),  we 
demonstrated that GAC post-treatment can complement MBR treatment very well. However, 
while monitoring for an extended period the removal of diclofenac as a marker, gradual 
deterioration of the performance of the GAC column was noted (Nguyen et al., 2012). There is, 
therefore, a need to appropriately design a specific GAC system for treatment of trace organic 
contaminants and to be able to determine the point f regeneration of the spent carbon. 
Quantitative structure-activity relationship (QSAR) models have been developed to predict 
activated carbon adsorption capacity for herbicides, pesticides, and other low-molecular-
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weight, neutral compounds on the basis of molar volumes and hydrogen bonding affinity as 
key predictive parameters (Westerhoff et al., 2005; De Ridder et al., 2010; Dickenson and 
Drewes, 2010). However, several specific trace organic classes could not be accurately 
predicted using such models (De Ridder et al., 2010). Furthermore, QSAR models require 
parameters (e.g., hydrogen bonding affinity) that are difficult to obtain for many 
deprotonated/protonated acid and base compounds (Westerhoff et al., 2005). To date, 
experimental studies of the equilibrium and breakthrough dynamics of trace organic 
contaminants in activated carbon systems remain very limited (Kim et al., 2010; Hernández-
Leal et al., 2011).  
In this study, the removal of trace organic contaminants via sequential applications of GAC 
adsorption following MBR treatment (MBR – GAC) was investigated. The extent of overall 
removal of a set of selected compounds possessing a variety of chemical structures was 
assessed. The breakthrough behavior of biologically persistent and hydrophilic compounds was 
systematically investigated through long-term (over 18000 bed volumes (BV)) operation of the 
GAC column and a series of batch tests. Discussion was furnished on the use of log D, charge 
and adsorption isotherm parameters to generally identify the set of compounds likely to 
experience rapid breakthrough. 
2. Material and Methods 
2.1. Trace organic contaminants 
A total of 22 trace organic contaminants including 11 pharmaceutical and personal care 
products, two pesticides, four industrial chemicals nd their metabolites and five steroid 
hormones were selected for investigation. These trace organic contaminants are frequently 
detected in raw sewage and sewage impacted water bodies at concentrations up to a few µg/L 
(Kolpin et al., 2002). They are small molecular weight compounds (less than 314 g/mol) with 
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effective hydrophobicity measured by log D at neutral pH in the range from -1.13 to 6.14 
(Supplementary Data Table S1). Given their low vapour pressure, all compounds selected in 
this study are not volatile (Supplementary Data Table S1), and are not expected to be removed 
by aeration. A stock solution of all selected compounds was prepared in pure methanol at a 
concentration of 1 g/L each on a monthly basis. Thestock solution was stored at –18 ºC. The 
trace organic contaminants were introduced to the fe d solution to achieve a constant 
concentration of approximately 5 µg/L of each selected compound on a continuous basis. 
2.2. Synthetic wastewater 
A synthetic solution was used to simulate medium strength wastewater. This contained glucose 
(400 mg/L), peptone (100 mg/L), urea (35 mg/L), KH2PO4 (17.5 mg/L), MgSO4 (17.5 mg/L), 
FeSO4 (10 mg/L), and sodium acetate (225 mg/L). The chemical oxygen demand (COD), total 
organic carbon (TOC) and total nitrogen (TN) of thewastewater was 600, 180 and 25 mg/L, 
respectively, and the composition of the synthetic wastewater was similar to that used in a 
previous study (Nguyen et al., 2012). A concentrated stock solution of the synthetic wastewa r 
was prepared each week and kept in refrigerator. A diluted synthetic wastewater was prepared 
for use daily by diluting the concentrated stock with Milli-Q water. The total organic carbon 
(TOC) and total nitrogen (TN) of the wastewater was approximately 180 and 25 mg/L, 
respectively.  
2.3. Lab-scale MBR and GAC post-treatment column 
A laboratory scale MBR system (Supplementary Data Figure S2) consisting of a 4.5 L 
(active volume) glass reactor was used in this study. The reactor was submerged in a 
thermostatic water bath equipped with a temperature control system. The MBR system was 
equipped with a submerged PVDF hollow fiber membrane module from Mitsubishi Rayon 
Engineering (Japan). A hydrophilic surface treatment was applied on the membrane polymer 
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(PVDF) by the supplier to reduce fouling due to hydrophobic interaction. The nominal pore 
size and total surface area of the membrane module wer 0.4 µm and 0.074 m2, respectively. 
The MBR permeate was further treated by a laboratory scale GAC column. The GAC 
adsorbent (GAC-1200) was supplied by Activated Carbon Technologies Pty Ltd., Victoria, 
Australia. The physical and chemical characteristics of this GAC are summarized in Table 1 
(Nguyen et al., 2012). Prior to the experiment, the GAC was washed with Milli-Q water to 
remove fine particles and then dried at 105 °C for 24 h. A borosilicate glass column (Omnifit, 
Danbury, CT, USA) with internal diameter of 1 cm and active length of 22 cm, corresponding 
to a bed volume of 17 mL, was used in this study. The column was filled with 7.5 g of GAC.  
[TABLE 1] 
2.4. Operation protocol of MBR and MBR – GAC systems 
 The current study was conducted over total 196 days, with 65 days of MBR-only 
operation, 93 days of operation in MBR – GAC mode and further 38 days of MBR-only 
operation (Supplementary Data Table S3).  
The MBR was seeded with activated sludge from another lab-scale MBR system, which 
had been running for trace organics removal from a synthetic wastewater for over 3 years. It 
was operated for 51 days prior to the start of addition of trace organic contaminants into the 
synthetic wastewater to ensure that a stable operating condition in terms of TOC and TN 
removal was achieved. The GAC post-treatment column was attached to the MBR system 15 
days after the addition of the trace organic contamin nts into the feed solution and this 
combined system was continuously operated for over 18,000 BV (93 days). The MBR 
permeate was pumped through the GAC column in an up-flow mode at a flow rate of 8.5 bed 
volume (BV) per hour (2.4 mL/min), resulting in an empty bed contact time of 7 min. 
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Because the main focus of this study was on the trace organic contaminant removal 
performance, a stable hydraulic performance under minimized membrane fouling was highly 
desirable. Therefore, the membrane in the MBR was operated under a low average flux (3.1 
L/m2h) as such that significant membrane fouling, requiring periodic cleaning, could be 
avoided. However, transmembrane pressure (TMP) was continuously monitored using a high-
resolution (± 0.1 kPa) pressure sensor (SPER scientific 840064, Extech equipment Pty. Ltd, 
Victoria, Australia), and ex-situ backwash (NaOCl solution with 500 mg/L of active 
hypochlorite) of the membrane every 90 days was observed to keep the TMP stable. To avoid 
loss of trace organic contaminants through sludge withdrawal, the biomass content in the 
reactor was allowed to gradually increase. All other operating parameters were kept constant 
throughout the study. The hydraulic retention time, t mperature, and dissolved oxygen 
concentration of the mixed liquor were 24 hour, 20.0 ± 0.1 ºC and 3 ± 1 mg/L, respectively. 
Daily monitoring revealed that the pH of the mixed liquor was in the range of 7.3 – 7.5.  
2.5. Adsorption isotherm 
Batch experiments were conducted in duplicate to esabli h the adsorption isotherms of 
trace organic contaminants to GAC. Prior to isotherm xperiments, the GAC (Table 1) was 
washed and dried as described in section 2.4. Fresh GAC was added in the range from 15 to 50 
mg to the test bottles containing 100 mL of a single trace organic contaminant at 20 mg/L. The 
bottles were incubated at ambient temperature (approximately 21 ºC) and gently mixed on a 
shaker table (BL 4500, Bioline, Edward Instrument Company, NSW, Australia) for 24 h. 
Preliminary kinetic experiments confirmed that equilibrium could be achieved well within 24 
h. 
2.6. Analysis of trace organic contaminants and other basic parameters 
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Concentration of the trace organic contaminants in MBR influent and permeate samples 
was measured by a previously reported analytical technique involving solid phase extraction, 
derivatisation and quantitative determination by a Shimadzu GC/MS (QP5000) system (Hai et 
al., 2011). The GC/MS system was equipped with a Shimadzu AOC 20i autosampler. A 
Phenomenex Zebron ZB-5 (5% diphenyl–95% dimethylpolsiloxane) capillary column (30 m 
× 0.25 mm ID, df = 0.25 µm) was used. The quantitative detection limits of this analytical 
method were compound specific and in the range from 1 to 20 ng/L. The removal efficiency 
was calculated following Equation 1. 








−×=
Inf
Eff
C
C
R 1100
                                                                               
(1) 
Where: CInf and CEff are influent and effluent (permeate) concentrations f the trace organic 
contaminants, respectively. 
Initial and final concentrations of the trace organic contaminants from the adsorption 
isotherm experiments were measured using LC-MS and HPLC-UV methods. A Shimadzu LC-
MS 2020 system (Shimadzu, Kyoto, Japan) was used to e ermine the concentration of 
metronidazole. The mobile phase (Milli-Q water with 0.1% formic acid) – acetonitrile (98:2, 
V/V) was delivered at a flow rate of 0.5 mL/min. The injection volume was 5 µL. Ionization of 
the analyte was obtained by electrospray in the positive ion mode (ESI+). The flow rate of 
nitrogen gas, which was used as the nebulizer and the rying gas, was set at 1.5 L/min and 5.0 
L/min, respectively. Calibration was performed in the range of 10 - 1000 µg/L. Calibration 
always yielded standard curves with coefficients of determination (R2) greater than 0.98 within 
the range of experimental concentrations used. On the o her hand, a Shimadzu HPLC-UV 
system   (Shimadzu, Kyoto, Japan) equipped with a Supelco Drug Discovery C-18 column 
(with diameter, length and pore size of 4.6 mm, 300mm and 5 µm, respectively) was used for 
the measurement of carbamazepine, diclofenac, ketoprofen, naproxen and fenoprop. The 
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detection wavelength was set at 280 nm for carbamazepine and diclofenac, and at 225 nm for 
the other three compounds. A detailed description of this HPLC-UV technique is available in 
Supplementary Data Table S4. 
Basic parameters including TOC, TN, mixed liquor suspended solids (MLSS) content, 
mixed liquor volatile suspended solids (MLVSS) content, supernatant turbidity, sludge volume 
index (SVI) and specific oxygen uptake rate (SOUR) were measured according to the standard 
methods utilised in our previous studies (Hai et al., 2011; Tadkaew et al., 2011). Images of the 
GAC surface before and after use in the GAC column (at the end of 18,000 BV of operation 
over 93 days) was taken by a scanning electron microscope (SEM) (JCM-6000 NeoScope, 
JEOL, Japan) to detect any potential biomass growth. The GAC samples were air dried before 
taking the SEM images. 
3. Results and discussion 
3.1. Performance stability and TOC/TN removal 
The operating conditions of the MBR were maintained constant throughout this study, 
with the MLSS concentration in the reactor being the only exception. Sludge withdrawal was 
not conducted, thus allowing for a gradual buildup of the MLSS concentration in the reactor 
from 3.2 to 11.5 g/L.  However, MLVSS/MLSS ratio, supernatant turbidity, SVI and SOUR 
values were all stable throughout the study (Supplementary Data Table S5), suggesting 
continuous biological stability. Notably, at a significantly long sludge retention time, as applied 
in this study, slow-growing microorganisms, which may achieve efficient degradation of trace 
organic contaminants, can have the opportunity to proliferate in the bioreactor (Cirja et al., 
2008). Performance of the MBR with respect to the removal of TOC and TN was stable during 
the entire study (Supplementary Data Table S5). The transmembrane pressure was also stable 
(data not shown). Because the seeding sludge was obt ined from another MBR treating trace 
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organic contaminants, the addition of trace organic contaminants to the influent did not result 
in any discernible disturbance on the MBR performance regarding the basic water parameters 
described earlier.  
The background carbonaceous organic content of the MBR permeate was low. The TOC 
concentration in the MBR permeate was generally betwe n 1 and 3 mg/L and was always 
below 5 mg/L (Figure 1). GAC post-treatment only resulted in a marginal reduction in the 
concentration of TOC. In the absence of a denitrification zone, the TN removal by the MBR 
was approximately 50%, and up to 15 mg/L of TN could be found in the permeate (Figure 1). 
GAC post-treatment did not result in any discernible reduction in the concentration of TN 
(Figure 1). It is worth-noting that GAC has previously been reported to show negligible 
removal of ammoniacal compounds through physical adsorption, which was attributed to their 
high polarity and solubility in water (Ahn et al., 2002).  
[FIGURE 1] 
3.2. Removal of trace organic contaminants by MBR-GAC system 
3.2.1. Removal by MBR treatment 
In this study, all 9 hydrophobic compounds (Log D > 3.2) were well removed by the MBR 
(Table 2). These results are consistent with several previous studies in which the high removal 
efficiency of hydrophobic trace organic contaminants from the aqueous phase was attributed to 
their adsorption to the activated sludge potentially fo lowed by biodegradation in the reactor 
(Visvanathan et al., 2005; Wells, 2006; Hernández-Lal et al., 2011; Tadkaew et al., 2011; 
Nguyen et al., 2012).  Notably, because the membrane in an MBR serves as a complete barrier 
to suspended solids, hydrophobic trace organic contami ants can also adsorb onto cake layer 
over the membrane. On the other hand, of the 13 hydrophilic trace organic contaminants (Log 
D < 3.2) selected in this study, diclofenac, fenoprop, carbamazepine, naproxen, metronidazole 
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and ketoprofen were particularly resistant to MBR trea ment and their removal efficiencies 
varied below 70% (Table 2). As suggested by the consistent levels of TOC and TN removal 
and other parameters describing sludge stability (Section 3.1), it can be stated that a stable 
operation of the MBR could be maintained over the 196 day duration of this study. Therefore, 
the low and/or variable removal  of these compounds can be attributed to their low 
hydrophobicity and the presence of strong electron-withdrawing functional groups (such as 
chlorine, amide, and carboxylic) in their molecular structures (Supplementary Data Table S1) 
(Tadkaew et al., 2011). In fact, significant variations in the removal of hydrophilic and 
biologically persistent compounds in the same study and between different studies have been 
reported in the literature for both MBR and CAS (Clara et al., 2005; Nakada et al., 2006; 
Tadkaew et al., 2011). Our results regarding the persist nce of the above-mentioned six 
compounds are consistent with the results obtained from our own preliminary study (Nguyen et 
al., 2012) and other available studies (Clara et al., 2005; Joss et al., 2005; Urase et al., 2005; 
Nakada et al., 2006; Kimura et al., 2007; Cirja et al., 2008). Similarly, the presence of the 
strong electron-donating functional groups (such as ydroxyl and aliphatic) and/or absence of 
strong electron-withdrawing groups appear to be the reason of the high removal of the other 
hydrophilic compounds such as  acetaminophen and salicylic acid (Hai et al., 2011), ibuprofen 
(Clara et al., 2005; Joss et al., 2005)  and estriol (Urase et al., 2005; Hai et al., 2011)(Clara et 
al., 2005; Joss et al., 2005; Urase et al., 2005; Hai et al., 2011).  
[TABLE 2] 
3.2.2. Combined removal by MBR-GAC system 
The low removal of hydrophilic and biologically persistent trace organic contaminants by 
MBR treatment may necessitate a post-treatment process. Several previous studies have 
proposed the use of GAC filtration for the removal of trace organic contaminants from surface 
water or biologically treated wastewater (Dickenson and Drewes, 2010; Kim et al., 2010; 
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Deegan et al., 2011; Grover et al., 2011; Hernández-Leal et al., 2011). In line with a previously 
reported preliminary study (Nguyen et al., 2012), the data reported here (Figure 2) confirm that 
initially GAC post-treatment could significantly improve the removal of the compounds which 
demonstrated low to moderate removal by MBR treatmen  (i.e., diclofenac, fenoprop, 
carbamazepine, naproxen, metronidazole and ketoprofen). In this study, because all 
significantly hydrophobic compounds had already been well removed by MBR treatment 
(Table 2), the GAC post treatment process was particularly effective for the removal of 
hydrophilic trace organic contaminants from the MBR permeate. However, the results in 
Figure 2 also show that the performance of the GAC column gradually deteriorated and at 
approximately 18,000 BV, no additional removal of fenoprop and diclofenac by the GAC 
column could be observed. The growth of microorganisms on GAC surface can constitute a 
process called biologically activated carbon, where adsorption, biodegradation and GAC 
regeneration can occur simultaneously. In our study, the SEM images of the surface of GAC 
samples collected at the end of operation of the GAC column clearly showed biofilm over the 
porous structure of GAC (Supplementary Data Figure 6); however, a gradual reduction in 
removal performance indicated the absence of any bioregeneration of GAC. The maintenance 
of a functional biofilm on GAC surface depends on the attainment of several conditions which 
necessitate special design considerations (Walker and Weatherley, 1997). Because SEM 
images do not differentiate between live and dead biomass, further insight into this aspect 
could not be offered. However, more relevant to the current study,  results reported here 
suggest that GAC column requires periodic replacement or regeneration of GAC (Hernández-
Leal et al., 2011). [FIGURE 2] 
3.3. Breakthrough of  biologically persistent hydrophilic compounds  
3.3.1. Analysis of breakthrough profiles 
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The breakthrough profiles of six hydrophilic trace organic contaminants (diclofenac, 
fenoprop, carbamazepine, naproxen, metronidazole and ketoprofen) exhibiting low removal 
efficiency by MBR treatment (Table 2) were examined to provide further insight to their 
adsorption to GAC. The breakthrough values presented in Figure 3 are defined as percentage of 
the effluent concentration over the influent concentration of the same sampling event. 
Significant differences in the breakthrough profiles amongst these hydrophilic trace organic 
contaminants are evident in Figure 3. While 20% breakthrough of diclofenac, ketoprofen, 
fenoprop, and naproxen occurred within 1,000-3,000 BV, the same did not happen in case of 
metronidazole and carbamazepine before 11,000 BV. In this study, the removal of fenoprop, 
which demonstrated the worst removal, dropped below 20% after approximately 1000 BV of 
operation (Figure 3). Therefore, if fenoprop is taken as a tracer for determining the frequency 
of replenishment of GAC for maintaining above 20% removal, replacement/ regeneration of 
the whole GAC would be required in every 1000 BV. 
Breakthrough profiles are influenced by the characteristics of the target trace organic 
contaminants, properties of the activated carbon, the influent water quality, and operational 
conditions (Vieno et al., 2007). In the current study, apart from the experimental variation of 
the influent loading, all other parameters remained unchanged. Therefore discussion regarding 
the removal efficiency or breakthrough can be focused on the characteristics of the target trace 
organic contaminants. In the literature, several solute properties that influence the adsorption of 
organic contaminants onto activated carbon have been id ntified. These properties include, 
among others, solute hydrophobicity (De Ridder et al., 2010; Serrano et al., 2010), aromaticity 
(De Ridder et al., 2010), charge and size  (De Ridder et al., 2010), and presence of specific 
functional groups (Westerhoff et al., 2005; De Ridder et al., 2010). The adsorption mechanisms 
related to these properties occur in parallel, and their respective dominance can vary from 
compound to compound (De Ridder et al., 2010; Dickenson and Drewes, 2010).  
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[FIGURE 3] 
It has been reported that hydrophobic partitioning is more relevant at higher log D values, 
while non-hydrophobic interactions govern in case of compounds with low log D (Yu et al., 
2008; De Ridder et al., 2010; Dickenson and Drewes, 2010). All six compounds  presented in 
Figure 3 were of low hydrophobicity and, as expected, no particular correlation between their 
log D and extent of breakthrough could be ascertained (Figure 3). Notably, although the two 
neutral compounds (metronidazole and carbamazepine) ossess significantly different log D
values (- 0.14 and 1.89, respectively), they demonstrated similar removal efficiency. In 
addition, their removal efficiency was higher than that of all four negatively charged 
compounds of concern in Figure 3. This observation is i line with that of Vieno et al. (2007) 
who reported higher affinity of the neutral pharmaceutical carbamazepine when compared to 
an ionic compound — naproxen. Yu et al. (2008) also observed a more severe reduction in 
adsorption capacity for the acidic compound naproxen, compared to the neutral compound 
carbamazepine.  
In addition to hydrophobic partitioning, various other mechanisms such as hydrogen 
bonding, π-π-interaction between aromatic rings, and van der Waals forces (e.g., dipole-dipole 
interaction, London dispersion force) can contribute towards the adsorption of a compound 
onto a specific adsorbent (Westerhoff et al., 2005; Vieno et al., 2007; De Ridder et al., 2010; 
Dickenson and Drewes, 2010; Serrano et al., 2010; Hernández-Leal et al., 2011). However, as 
noted earlier, their relative dominance will depend o  specific physicochemical properties. For 
instance, it has been reported that a larger number of hydrogen bond donor groups implies 
stronger hydrogen bonding between the solute and adsorbent than the solute and water 
(Dickenson and Drewes, 2010). For solutes possessing no hydrogen-bond donor/acceptor 
groups, however, the main bonding mechanisms are van der Waals dispersion forces and/or π-
π-interaction. On the other hand an aliphatic solute wi hout any hydrogen  bond donor/acceptor 
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groups can form neither π-π bonds nor hydrogen-bonds, and the weaker van der Waals forces 
may then become a more dominant mechanism for its removal (De Ridder et al., 2010). 
Furthermore, the presence of specific functional groups in the structure of compounds can also 
influence their adsorption onto an adsorbent. For instance, Radovic et al. (1997) reported that 
the presence of electron-withdrawing functional groups will influence the π-electron 
distribution by removing electrons and creating positive holes in the conduction band of the π-
electron system, thus decreasing the adsorption potential on the carbon surface. 
All six compounds under consideration in Figure 3 are romatic and possess one or more 
strong electron-withdrawing groups, and except for carbamazepine and metronidazole, all are 
negatively charged. Therefore, π-π-interaction and/or other specific polar interactions can be 
considered relevant mechanisms, although their relativ  importance may be different for each 
compound. For instance, dispersion interactions of π-electrons of their aromatic rings with π-
electrons of the carbon grapheme planes was reported to govern the adsorption of 
metronidazole (Rivera-Utrilla et al., 2009), while hydrogen bonding with an adsorbent was 
reported to be the predominant mechanism in case of diclofenac and naproxen, which are 
known strong hydrogen bond donor solutes (Dickenson and Drewes, 2010). A detailed 
quantitative assessment of structure-activity relationship (Westerhoff et al., 2005; De Ridder et 
al., 2010; Dickenson and Drewes, 2010) and confirmat on of the specific dominating 
mechanism for each compound falls, however, beyond the scope of this study. In the context of 
the current work, it is more important to note that the neutral compounds (carbamazepine and 
metronidazole) showed (Figure 3) slower breakthrough than the other negatively charged 
compounds. 
3.3.2. Adsorption isotherms 
For a full scale installation, monitoring the breakthrough of a large set of compounds 
may not be always feasible. Adsorption isotherms give useful information on the adsorption 
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capacity of an adsorbate on a given adsorbent for aparticular range of concentration. In order 
to generally assess the applicability of isotherms in predicting the order of breakthrough of the 
compounds, the breakthrough data were contrasted with the adsorption isotherm parameters 
obtained from a series of batch tests. Table 3 show the Langmuir and Freundlich isotherm 
parameters (qm and Kf, respectively) for the compounds that demonstrated relatively rapid 
breakthrough from the GAC column. Our isotherm data conform to a general trend found in the 
literature regarding a relatively higher adsorption capacity of the neutral compounds 
carbamazepine (Nowotny et al., 2007; Serrano et al., 2010; Deegan et al., 2011) and 
metronidazole (Rivera-Utrilla et al., 2009) in comparison to that of the ionized compounds, 
namely, diclofenac (Nowotny et al., 2007; Serrano et al., 2010) and naproxen (Nowotny et al., 
2007; Serrano et al., 2010). However, the isotherm parameters did not demonstrate any 
discernible correlation individually with any of the governing parameters such as log D, 
number of hydrogen-bond donor/acceptor groups, dipole moment or aromaticity ratio of the 
compounds (Figure 4). This observation is also in line with that of De Ridder et al. (2010) and 
reaffirms the point discussed earlier (Section 3.3.1) regarding the simultaneous roles of various 
governing mechanisms on net adsorption.  
[TABLE 3] 
[FIGURE 4] 
Because of the reasonably linear breakthrough profiles for all compounds shown in 
Figure 3 (except metronidazole), percentage breakthrough at the end of operation (18093 BV) 
was plotted against the Langmuir maximum adsorption capacity (qm) and Freundlich 
partitioning coefficient (Kf), respectively in Figure 5. Both qm and Kf fitted the breakthrough 
data poorly, although the inverse relationship betwe n qm and breakthrough was evident from 
the plot. The other isotherm constants, namely, Langmuir’s constant (b) and Freundlich 
exponential coefficient (1/n), respectively also fitted the breakthrough data poorly (data not 
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shown). This however, is not surprising, given the fact that the single-solute isotherms were 
obtained in ultrapure water (Milli-Q), and for analytical reasons the isotherms were obtained at 
equilibrium concentrations higher than that applied to the GAC column (Section 2.3). In fact, 
inaccuracies arising from a mismatch between equilibrium concentration and actual loading 
(Yu et al., 2008) and the effect of competition with bulk organics (Deegan et al., 2011; Zhang 
et al., 2011) have been previously documented. The fact that the MBR permeate concentration 
(i.e., feed to the GAC column) was not completely stable for individual compounds, and varied 
within a few thousands of ng/L between the compounds (Figure 3), may have been also 
responsible for such deviation. Nevertheless, the isotherm data can be useful to predict a 
general trend regarding the set of compounds likely to experience rapid breakthrough. It is also 
worth noting that the difference between the behavior of the neutral (carbamazepine and 
metronidazole) and the ionized compounds was accurately predicted by the isotherm 
parameters. 
It is evident that the GAC column became completely saturated with TN and TOC (i.e., 
TOC and TN concentrations in GAC effluent consistently higher than that in MBR permeate) 
within 1,000 and 11,000 BV, respectively (Figure 1), while the complete breakthrough of 
diclofenac occurred after 18,000 BV. Hernández-Leal et al. (2011)  also observed significant 
removal of trace organic compounds following the saturation of a GAC column by background 
TOC. However, from a practical point of view, the detection of a defined level of 
breakthrough, not complete breakthrough, is important. In this regard, it is interesting to note 
that the point of TN saturation (1000 BV) coincides with the initiation of an appreciable level 
(e.g., 20%) of trace organic compound breakthrough. Given the fact that a synthetic wastewater 
was used in this study, larger scale studies with real wastewater will be required to verify the 
point whether TN saturation can be a useful indicator of the initiation of trace organic 
compound breakthrough. 
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[FIGURE 5] 
4. Conclusions 
In this study, high (≥ 98%) initial removal of all tested trace organic contaminants by a 
GAC column following the MBR treatment was demonstrated. However, through extended 
monitoring, significant breakthrough of six hydrophilic and biologically persistent compounds 
(metronidazole, carbamazepine, ketoprofen, naproxen, f oprop and diclofenac), which 
originally demonstrated low to moderate removal by MBR-only treatment, was observed. Of 
these trace organic contaminants, the neutral compounds (carbamazepine and metronidazole) 
demonstrated slower breakthrough than the rest of the compounds which were negatively 
charged. The complete saturation of GAC column by different components occurred in the 
following order:  TN >TOC > persistent trace organic contaminants.  
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LIST OF TABLES 
Table 1:  Characteristics of the GAC-1200. 
Parameter Values 
Apparent density (g/mL) 0.42-0.50
a 
Surface area (MultiPoint BET m2/g) 1121
b  
Ash content (%) 3
a 
Iodine number (mg of I2/g) >1200
a 
Carbon mesh size 6 x 12 mesh (1.6-2.0 mm)
a  
Pore volume (cc/g) 0.043
b 
Pore diameter (nm) 3.132
b 
a Data from Activated Carbon Pty Ltd, Australia. 
b Data obtained from a nitrogen adsorption/desorption measurement using an 
Autosorb iQ. The measurement was conducted at the Australian Nuclear 
Science and Technology Organisation. Pore volume and pore diameter were 
calculated based on the Barret-Joyner-Halenda method. 
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Table 2: Trace organic contaminants removal efficiency of the MBR over 196 days of 
operation (average ± standard deviation, n=40).  
 Compound Removal (%) 
Lo
g 
D
 <
 3
.2
 (a
t 
pH
 7
)  
<
 7
0 
%
 r
em
ov
al
 
Diclofenac 15 ± 11 
Fenoprop 20 ± 15 
Carbamazepine 32 ± 17 
Naproxen 45 ± 15 
Metronidazole 40 ± 26 
Ketoprofen 67 ± 13 
Pentachlorophenol  61 ± 9 
 
>
85
 %
 r
em
ov
al
 Acetaminophen 87 ± 7 
Primidone 91 ± 9 
Ibuprofen 96 ± 4 
Estriol 97 ± 2 
Gemfibrozil 98 ± 1 
Salicylic acid 98 ± 2 
 
Lo
g 
D
 >
 3
.2
 (a
t 
pH
 7
)  
>
 9
0 
%
 r
em
ov
al
 
4-tert-butylphenol 93 ± 4 
17-α-ethynyestradiol 93 ± 2 
Bisphenol A 94 ± 4 
Estrone 96 ± 8 
4-tert-octylphenol 97 ± 1 
4-n-nonyphenol 97 ± 2 
17-β-estradiol-17-acetate 99 ± 1 
Triclosan 99 ± 0.5 
17-β-estradiol 99 ± 0.5 
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Table 3: GAC adsorption isotherm constants for six biologically persistent hydrophilic trace 
organic contaminants 
Compound 
Freundlich isotherm constants Langmuir isotherm constants 
K f 
(mg/g)/(mg/L)1/n 
1/n R2 
qm  
(mg/g) 
b 
(L/mg) R
2 
Metronidazole 29.3 0.36 0.92 84.3 1.3 0.99 
Carbamazepine 54.2 0.56 0.95 250.0 0.76 0.99 
Ketoprofen 48.3 0.33 0.99 62.11 1.35 0.97 
Naproxen 19.6 0.60 0.86 41.2 1.16 0.98 
Fenoprop 53.2 0.23 0.96 49.3 1.80 0.99 
Diclofenac 29.2 0.42 0.93 94.3 0.76 0.96 
 
Freundlich isotherm: qe = Kf Ce
1/n     Langmuir isotherm:  
qe, equilibrium mass of compound sorbed on unit mass of adsorbent; Ce, equilibrium 
concentration of compound in liquid; qm, Langmuir maximum adsorption capacity; Kf, 
Freundlich partitioning coefficient; 1/n, Freundlich exponential coefficient; b, Langmuir’s constant; 
qmb, adsorbent-adsorbate relative affinity. 
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LIST OF FIGURES  
Figure 1: TOC (a) and TN (b) concentrations in GAC effluent, MBR permeate, and feed 
throughout the operation period of the MBR – GAC system.  
Figure 2: Overall removal of trace organic contaminants by MBR – GAC system at (a) 406 
BV, (b) 4,472 BV, (c) 9,148 BV, and (d) 18,093 BV. 
Figure 3: Breakthrough profiles of six biologically persisten and hydrophilic trace organic 
contaminants as a function of BV. Each data point indicates average of duplicate samples with 
standard deviation not varying more than 5 %. 
Figure 4: Relationship of adsorption isotherm constants (qm, Langmuir maximum adsorption 
capacity (mg/g); Kf, Freundlich partitioning coefficient (mg/g)/ (mg/L)
1/n) with various 
individual parameters (governing adsorption of organics onto activated carbon) for biologically 
persistent six hydrophilic trace organics. 1.Metronidazole, 2.Fenoprop, 3.Ketoprofen, 
4.Naproxen, 5.Diclofenac, 6.Carbamazepine. Dipole moment was calculated by molecular 
modelling Pro software using “Modified Del Re” method. Aromaticity ratio denotes the ratio 
of number of aromatic bonds to total number of bonds i  a molecule. 
Figure 5: Relationship between the breakthrough percentage at 18,093 BV and adsorption 
isotherm constants (a) Langmuir maximum adsorption capacity (qm); (b) Freundlich 
partitioning coefficient (Kf, ). 1. Metronidazole, 2.Fenoprop, 3.Ketoprofen, 4.Naproxen, 
5.Diclofenac, 6. Carbamazepine. 
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Table S1: Physicochemical properties of the selected trace organics. 
Category 
Target 
compound 
(Name, 
formula and 
CAS number) 
Chemical structure 
Molecular 
weight 
(g/mol) 
Log 
KOW 
a 
Log D 
(pH 7) a 
Dissociation 
constant 
( pKa) a 
Water 
solubility 
(mg/L)b 
Vapor 
pressure 
(mm Hg), at 
25°C a 
Boiling 
point 
(°C) a 
P
ha
rm
ac
eu
ti
ca
l a
nd
 p
er
so
na
l c
ar
e 
pr
od
uc
ts
 
 
Ibuprofen 
(C13H18O2) 
(5687-27-1)  
206.28 3.50 ± 
0.23 
0.94 4.41 ± 0.10 21 1.39E-4 320 ± 11 
Acetaminophen 
(C8H9NO2) 
(103-90-2) 
 
151.16 0.48 ± 
0.21 
0.47 9.86 ± 0.13 
1.72 ± 0.50 
14000 1.43E-6 388 ± 25 
Naproxen 
(C14H14O3) 
(22204-53-1)  
230.26 2.88 ± 
0.24 
0.73 4.84 ± 0.30 16 3.01E-7 404 ±20 
Ketoprofen 
(C16H14O3) 
(22071-15-4) 
 
254.28 2.91 ± 
0.33 
0.19  4.23 ± 0.10 16 3.32E-8 431 ± 28 
Diclofenac 
(C14H11Cl2NO2) 
(15307-86-5) 
 
296.15 4.55 ± 
0.57 
1.77  4.18 ± 0.10 
-2.26 ± 0.50 
 
2.4 1.59E-7 412 ± 45 
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Primidone 
(C12H14N2O2) 
(125-33-7) 
 
218.25 0.83 ± 
0.50 
0.83 12.26 ± 0.40 
-1.07 ± 0.40 
500 6.08E-11 521 ± 50 
Carbamazepine 
(C15H12N2O) 
(298-46-4) 
 
236.27 1.89 ± 
0.59 
1.89 13.94 ± 0.20 
-0.49 ± 0.20 
18 5.78E-7 411 ± 48 
Salicylic acid 
(C7H6O3) 
(69-72-7) 
 
138.12 2.01 ± 
0.25 
-1.13 3.01 ± 0.10 2240 4.45E-5 336 ± 0 
Metronidazole 
(C6H9N3O3) 
(443-48-1) 
 
171.15 -0.14 ± 
0.30 
-0.14 14.44 ± 0.10 
2.58 ± 0.34 
9500 2.67E-7 405 ± 25 
Gemifibrozil 
(C15H22O3) 
(25812-30-0) 
 
250.33 4.30 ± 
0.32 
2.07 4.75 19 6.13E-7 345 ± 42 
Triclosan 
(C12H7Cl3O2) 
(3380-34-5) 
 
289.54 5.34 ± 
0.79 
5.28 7.80 ± 0.35 10 
 
3.36E-5 396 ± 30 
 34 
P
es
ti
ci
de
s 
Fenoprop 
(C9H7Cl3O3) 
(93-72-1) 
 
269.51 3.45 ± 
0.37 
- 0.13 2.93 71 2.13E-6 375 ± 37 
Pentachloro-
phenol 
(C6HCl5O) 
(87-86-5) 
 
266.34 5.12 ± 
0.36 
2.58 4.68 ± 0.33 14 3.49E-4 310 ± 0 
In
du
st
ri
al
 c
he
m
ic
al
s 
an
d 
th
ei
r 
m
et
ab
ol
it
es
 
4-tert-
butylphenol 
(C10H14O) 
(98-54-4)  
150.22 3.39 ± 
0.21 
3.40 10.13 ± 0.13 580 0.0361 234 ± 9 
4-tert-
octylphenol 
(C14H22O) 
(140-66-9)  
206.32 5.18 ± 
0.20 
5.18 10.15 ± 0.15 5 1.98E-3 282 ± 0 
4-n-
nonylphenol 
(C15H24O) 
(104-40-5)  
220.35 6.14 ± 
0.19 
6.14 10.15 6.35 8.53E-5 331 ± 11 
Bisphenol A 
(C15H16O2) 
(80-05-7) 
 
228.29 3.64 ± 
0.23 
3.64 10.29 ± 0.10 120 5.34E-7 401 ± 25 
HO
(CH2)8 CH3
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St
er
oi
d 
ho
rm
on
es
 
Estrone 
(C18H22O2) 
(53-16-7) 
 
270.37 3.62 ± 
0.37 
3.62 10.25 ± 0.40 677 1.54E-8 445 ± 45 
17-β-estradiol 
(C18H24O2) 
(50-28-2) 
 
272.38 4.15 ± 
0.26 
4.15 10.27 3.9 9.82E-9 446 ± 45 
17-β-estradiol –
acetate 
(C20H26O3) 
(1743-60-8) 
 
314.42 5.11 ± 
0.28 
5.11 10.26 ± 0.60 na 9.88E-9 451 ± 45 
17-α 
ethinylestradio
l 
(C20H24O2) 
(57-63-6) 
 
 
269.40 4.10 ± 
0.31 
4.11 10.24 ± 0.60 11.3 3.74E-9 457 ± 45 
Estriol (E3) 
(C18H24O3) 
(50-27-1) 
 
288.38 2.53 ± 
0.28 
2.53 10.25 ± 0.70 441 1.34E-9 469 ± 45 
a Source: SciFinder database  https://scifinder.cas.org/scifinder/view/scifinder/scifinderExplore.jsf 
b Source: http://chem.sis.nlm.nih.gov/chemidplus/   
na: data not available 
Journal of Environmental Management 119 (2013) 173-181 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S2: Schematic diagram of the MBR-GAC system. (1) Feed tank, (2) Pump, (3) Air 
pump, (4) Hollow fiber membrane, (5) Diffuser, (6) Pressure gauge, (7) Permeate tank, (8) GAC 
column, (9) GAC effluent tank, (10) Data logging computer.  
The MBR system consisted of a glass reactor (active volume of 4.5 L), an air pump, a pressure 
sensor, feed and permeate tanks, influent and effluent pumps and a submerged PVDF hollow 
fiber membrane module supplied by Mitsubishi Rayon Engineering, Japan. The membrane had a 
nominal pore size of 0.4 µm and a total surface area of 0.074 m2. The membrane module was 
operated under an average flux of 3.1 L/m2h on a 14 minute suction and 1 minute rest cycle, 
resulting in a hydraulic retention time of 24 hours. 
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Table S3: Schedule of operation of the MBR and GAC post treatment systems  
 
 
 
 
 
 
 
 
 
 
  
Day of 
operation 
51 
Without TrOCs 
196 158 65 0 
GAC post treatment 
operation 
Without 
trace organics 
in feed 
With trace organics 
in feed 
MBR operation 
 
 
2 
Table S4: Gradient eluent profiles used in HPLC-UV analyses 
The column temperature was set at 20 oC.  A sample injection volume of 50 µL was used. 
The mobile phase composed of acetonitrile and Milli-Q grade deionized water buffered 
with 25 mM KH2PO4. Two eluents, namely, eluent A (80 % acetonitrile + 20% buffer, v/v) 
and eluent B (20 % acetonitrile + 80 % buffer, v/v) were delivered at 1.0 mL/min through 
the column. The detection wavelength was set at 280 nm for carbamazepine and diclofenac, 
and at 225 nm for ketoprofen, naproxen and fenoprop. 
For carbamazepine and diclofenac 
Time (min) 0 5 13 23 24 33   
Eluent B, % 85 85 40 40 85 85   
For ketoprofen, naproxen and fenoprop 
Time (min) 0 7 19 20 35    
Eluent B, % 50 50 20 50 50    
 
 
 
  
 
 
3 
 
 
Table S5: Basic biological performance of the MBR during 196 days of operation 
TOC 
removal 
(%) 
(n= 58) 
TN 
removal 
(%) 
(n= 58)  
MLVSS/ 
MLSS 
(n= 40) 
Supernatant 
turbidity  
(NTU) 
(n= 58) 
SVI 
(mL/g 
MLSS) 
(n = 10) 
SOUR 
(mg O2/ h 
x g 
MLVSS) 
(n= 10) 
Effluent 
TOC 
(mg/L) 
(n = 58) 
pH of the 
reactor  
(n = 21) 
98 ± 2 46 ± 15 0.89 ± 0.03 7 ± 4 162 ± 29 14 ± 3 3 ± 2 7.4 ± 0.1 
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Figure S6: SEM images of virgin GAC and GAC sample after usein the GAC column (at the 
end of 18,000 BV of operation over 93 days) 
 
Virgin GAC 
Used GAC 
